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Alar plate of chick mesencephalon differentiates into the optic tectum. It has been shown that factors expressed in the
mes–metencephalic boundary induce the tectum and give positional specificity. Chick Grg4 is expressed at first in the
nterior neural fold. The expression localizes from the posterior diencephalon to the mesencephalon by stage 10. To
nvestigate the function of Grg4 in mesencephalic development, Grg4 overexpression was carried out by in ovo
lectroporation. After Grg4 overexpression, expression of En-2, Pax5, Fgf8, and EphrinA2 was repressed, and Pax6 was
upregulated in the mesencephalic region. Grg4 overexpression caused the morphological change; mesencephalic swelling
became smaller and the di–mesencephalic boundary shifted posteriorly, that is, the anterior limit of tectum shifted
posteriorly. Importantly, cotransfection of Grg4 with Pax5 canceled the tectum-inducing activity of Pax5. These results
suggest that Grg4 works as an antagonist against tectum-organizing activity. It was also shown that transfected N-terminal
domains of Grg4 induced En-2 expression. Since N-terminal domains were transported to the nucleus in the neuroepithe-
lium, they could act as dominant negative for endogenous Grg4. These results indicate that Grg4 has repressing activity
against the organizing molecules and suggest that Grg4 plays important roles in formation of anterior tectal boundary and
polarity. © 2000 Academic Press
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aINTRODUCTION
Classical transplantation experiments indicated that the
mes–metencephalic boundary (midbrain–hindbrain bound-
ary, MHB) acts as an organizing center for the mesencepha-
lon and the metencephalon. When the alar plate of the
presumptive diencephalon was transplanted to the poste-
rior mesencephalon, the transplant differentiated into the
tectum (Nakamura et al., 1986; Nakamura and Itasaki,
1992). Furthermore, the mes–metencephalic boundary
transplanted in the diencephalon caused the surrounding
host tissue to differentiate into the tectum (Alvarado-
Mallart et al., 1990; Marin and Puelles, 1994). Many genes
re expressed at the mes–metencephalic boundary in a
patially restricted manner (Joyner, 1996). Recent studies
ave shown that Fgf8, Pax2/5, and En are in a positive
eedback loop for their expression and keep organizing
ctivity (Crossley et al., 1996; Lun and Brand, 1998; Reifers
t al., 1998; Funahashi et al., 1999; Okafuji et al., 1999;
1 To whom correspondence should be addressed. Fax: 81-22-717-
18554. E-mail: sugis@idac.tohoku.ac.jp.
168hamim et al., 1999; Araki and Nakamura, 1999). It has
een also demonstrated that these molecules are involved
n the mesencephalic polarity formation (Itasaki and Naka-
ura, 1996; Logan et al., 1996; Shigetani et al., 1997; Lee et
l., 1997; Picker et al., 1999).
Less attention has been paid to the role of the di–
esencephalic boundary in tectal development. Neverthe-
ess, it was shown that nested expression of Pax6 and
ax2/5 or En subdivides the early neural tube into the
rosencephalon and the mesencephalon (Schwarz et al.,
999; Araki and Nakamura, 1999). In addition, the region
round the di–mesencephalic boundary was shown to have
n antagonizing activity to En expression. When the mes-
ncephalic alar plate was transplanted in the diencephalon
t stage 10, En expression was repressed near the di–
esencephalic boundary (Itasaki et al., 1991). Implantation
f Wnt-1-producing cells induced En-2 in the middle dien-
ephalon, but not near the di–mesencephalic boundary
Sugiyama et al., 1998).
The members of the Groucho protein family can work as
n active transcriptional repressor (Fisher and Caudy,
998b; Parkhurst, 1998). It was reported that mouse Grg4 is
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169Repressing Activity of Grg4 in Tectal Developmentexpressed around the di–mesencephalic region (Koop et al.,
1996). Recent studies have shown that Drosophila Groucho
r Xenopus Grg4 interacts with Tcf to repress the wingless/
nt signaling pathway (Cavallo et al., 1998; Roose et al.,
998). In addition, it has been shown that Drosophila
roucho inhibits expression of engrailed in wing disc (de
Celis and Ruiz-Go´mez, 1995) and that Xenopus En-2 pro-
moter is regulated by binding of Tcf which has an interac-
tive domain with Grg (McGrew et al., 1999). These studies
prompted us to examine the role of Grg4 in mesencephalic
development. We have cloned chick Grg4 and carried out
overexpression of Grg4 by in ovo electroporation. Overex-
ression of Grg4 repressed En-2 expression. The N-terminal
omains of Grg4 worked as a dominant negative form of
rg4 and induced En-2 expression. We also carried out
otransfection of Grg4 and Pax5 and came to the conclusion
hat Grg4 plays an important role in tectal development by
ntagonizing the organizing molecules.
MATERIALS AND METHODS
Chick embryos. Fertile chick eggs obtained from a local farm
were incubated at 38°C. They were staged according to Hamburger
and Hamilton (1951).
Cloning of chick Grg. To amplify the fragment of chick Grg4,
he degenerate oligonucleotides were designed by comparing the
rosophila groucho and mouse Grg4 sequences (Hartley et al.,
988; Koop et al., 1996). The degenerate oligonucleotides 59-
CC(G,T)CAGCGCC(C,T)GCCTGCTA-39 and 59-AGCATT(A,C)-
G(A,C)AGGTTGTCCT-39 were used as primers. The PCR was
erformed according to the following schedule: after heating at
4°C for 4 min, 30 cycles of 94°C for 1 min, 50°C for 2 min, and
2°C for 3 min, and then 72°C for 7 min at the end of the cycle. A
59-bp fragment of chick Grg1 was amplified from an oligo(dT)-
rimed cDNA library of E2 chick brains. The amplified fragment of
hick Grg1 corresponded to conserved sequences in the WD40
omain of the Grg family (Koop et al., 1996, see Fig.1). A radioac-
tive probe was synthesized from the Grg1 fragment by using a
random primer DNA labeling kit (Takara). To obtain full-length
chick Grg4, the cDNA libraries of E2 chick brains were screened. A
.3-kbp segment of Grg4, including the coding region and polyad-
nylation signal, was subcloned into pBluescript (Stratagene).
In ovo electroporation. Full-length Grg4 cDNA was cut out by
indIII and XbaI and inserted into expression vector pMiwSV
Wakamatsu et al., 1997). The Grg4 cDNA encoding 1–203 amino
cids was cut out and inserted into pMiwSV. Full-length and partial
rg4 cDNA had HA-tag sequence (YPYDVPDYAS) at the
-terminus. HA-tag was added to Grg4 cDNA by PCR reaction,
hich did not affect the action of Grg4 protein. A stabilized form of
ouse b-catenin cDNA (kind gift of Dr. Nagafuchi) was subcloned
n pMiwIII (more cloning sites were added to pMiwSV; Araki and
akamura, 1999). Stabilized form of b-catenin contains missense
utations of arginine for the four presumptive GSK3b phosphory-
ation sites. The intracellular region of the mouse Notch1 (kind gift
f Dr. Hamada) was subcloned in pMiwIII. The chick Pax5 cDNA
as subcloned into pMiwSV previously (Funahashi et al., 1999).
mbryos at stages 9–10 were used for in ovo electroporation. The
eural tube was penetrated from the metencephalon with a mi-
ropipet, and the canal anterior to the metencephalon was perfused
Copyright © 2000 by Academic Press. All rightith a plasmid solution of 1–2 mg/ml. The electrodes were put on
the vitelline membrane beside the brain vesicles, and pulsed four to
six times according to the method of Funahashi et al. (1999). Since
DNA moves toward the anode, only the anode side of the neural
tube is transfected, and the other side serves as a control. The
expression of transfected gene is detected by 2 h after electropora-
tion (Funahashi et al., 1999).
In situ hybridization and immunohistochemistry. Whole-
ount in situ hybridization was performed fundamentally accord-
ng to the method of Bally-Cuif (1994). Over stage 14, the epidermal
nd mesenchymal tissues were removed from embryos and the
eural tubes were exposed. For double-color in situ hybridization,
digoxigenin (DIG)-labeled probe and a fluorescein (FITC)-labeled
robe were used. They were detected by 4-nitroblue tetrazolium
hloride (NBT)/5-bromo-4-chloro-3-indolyl-phosphate (BCIP) as a
ubstrate for alkaline phosphatase (AP)-conjugated anti-DIG anti-
ody and Fast Red as a substrate for AP-conjugated anti-FITC
ntibody (Boehringer Manheim). AP for the first step was inacti-
ated by 0.1 M glycine (pH 2.2)–0.1% Tween 20. To remove the
olor staining for further analysis, the specimens were incubated
ither in ethanol for Fast Red or in N,N-dimethylformamide (DMF)
or both of NBT/BCIP and Fast Red.
The following subclones were used for synthesis of RNA probes;
hick Grg4 (corresponding to 79–263 amino acids), Pax5 (Fu-
nahashi et al., 1999), Fgf8 (Ohuchi et al., 1997), Otx2 (kind gift of
Dr. Kitamura), Pax6 (Araki and Nakamura, 1999), EphrinA2 (Araki
and Nakamura, 1999), Tcf1 (corresponding to 148–356 amino acids;
Gastrop et al., 1992), Tcf3 (corresponding to 171–372 amino acids of
Xenopus Tcf3), mouse Notch1 (kind gift of Dr. Hamada), and chick
otch1 (Sakamoto et al., 1998). These subclones were linearized
and transcribed with T3 or T7 RNA polymerase. The mouse and
chick Notch1 probes used in the present study do not crosshybrid-
ize with each other.
En-2 protein was revealed by the monoclonal antibody 4D9
(Patel et al., 1989). HA-tag was stained by anti-HA antibody
(Boehringer Manheim). The horseradish peroxidase (HRP)-
conjugated anti-mouse or anti-rat antibody was used as the second-
ary antibody and detected with 3,39-diaminobenzidine tetrahydro-
chloride (DAB).
Embryo sectioning. The specimens after whole-mount stain-
ing were postfixed in 4% paraformaldehyde. The specimens were
embedded in O.C.T. compound (Sakura) or Technovit 7100 (Kulzer)
and cut horizontally or transversely.
RESULTS
Cloning of the Chick Grg4
Drosophila Groucho and vertebrate Groucho homologs
have been shown to be general transcriptional repressors in
vitro and in vivo (Fisher and Caudy, 1998b; Parkhurst,
998). The N-terminal Q domain and C-terminal WD40
omain are reported to be conserved among four vertebrate
roucho homologs. It has been shown that the Q domain
nd WD40 repeats of Groucho act for dimerization and
nteraction with the transcriptional repression domains of
RPW, WRPY, and EH1, respectively (Pinto and Lobe,
996; Chen et al., 1998; Jimenez et al., 1997). The variable
egion comprising the G/P, CcN, and S/P domains separates
he Q and WD40 domains of Groucho.The chick Grg4 contains highly conserved Q and WD
s of reproduction in any form reserved.
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170 Sugiyama, Funahashi, and Nakamuradomains (Fig. 1), while it has an additional seven amino
acids at the N-terminal. The CcN and SP domains of Grg4
are well conserved among rat, Xenopus, and chick (Fig. 1).
hus, chick Grg4 is highly homologous to the rat Grg
omolog Esp2 (91%; Schmidt and Sladek, 1993) and Xeno-
us Grg4 (96%; Roose et al., 1998). Comparatively low
omology of chick Grg4 to Esp2 is due to the gap in the Q
omain of Esp2 (Fig. 1).
Normal Expression Pattern of Chick Grg4 in the
Anterior Neural Tube
First, we examined expression of chick Grg4 by whole-
mount in situ hybridization. The chick Grg4 expression
as first detectable at stage 8 in the neural fold anterior to
he first somite (Figs. 2A and 2B). At stage 9, Grg4 expres-
FIG. 1. Amino acid sequence of chick Grg4 protein in comparison
Q domain and the C-terminal WD40 repeats of Groucho proteins ar
is the GP domain, then the CcN domain, and then the SP domainsion was observed in the prosencephalon, mesencephalon,
Copyright © 2000 by Academic Press. All rightand metencephalon (Figs. 2C and 2D). By stage 10, the
expression was localized from the posterior diencephalon to
the mesencephalon (Fig. 2E). Subsequently (stages 15–17),
Grg4 expression became weak anterior to the mesencepha-
lon and was restricted within the ventral mesencephalon
and dorsoanterior telencephalon (Fig. 2F).
Repression of En-2 by Grg4
We were interested in Grg4 expression in the mesen-
cephalon at E2 (stages 8–14), when the mesencephalic
vesicle is just formed in the anterior neural tube and the
polarity formation is also occurring. To study the role of
Grg4 in mesencephalic development, we overexpressed
Grg4 by in ovo electroporation from the prosencephalon to
the metencephalon. Transcripts of the transfected Grg4
Drosophila Groucho, rat Esp2, and Xenopus Grg4. The N-terminal
ded in dark gray and light gray, respectively. Next to the Q domain
limit is indicated by arrowheads).with
e shawere detected on the right side of the anterior neural tube
s of reproduction in any form reserved.
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171Repressing Activity of Grg4 in Tectal Development24–34 h after electroporation (Figs. 3A and 3B). On the left
side, expression of the introduced gene was not observed so
that this side was dedicated as a control (Fig. 3B).
En is an essential transcription factor in mesencephalic
development: to define the territory of the mesencephalon
and to determine the rostrocaudal polarity of the tectum
(Wurst et al., 1994; Itasaki and Nakamura, 1996; Logan et
l., 1996; Shigetani et al., 1997; Araki and Nakamura,
999). Since it was shown that Drosophila Groucho re-
ressed en expression (de Celis and Ruiz-Go´mez, 1995),
n-2 expression after Grg4 overexpression was examined.
On the double-stained specimen, it is unclear if Grg4
repressed En-2 expression (Fig. 3A). The repression is re-
vealed after washing Grg4 signal by DMF (Fig. 3A9). Repres-
sion of En-2 was distinct in the middle part of the mesen-
FIG. 3. Effects of Grg4 overexpression on En-2, Pax5, Fgf8, and
hybridization (blue in A and B; red in C, D, and E), En-2 protein (A
by immunohistochemistry and in situ hybridization, respectively.
was detected by immunohistochemistry and then the staining f
Pax5, and Fgf8 is repressed in the Grg4-overexpressing cells (co
magnifications of flat-mount specimen show that repression of En
mes–metencephalic boundary (compare A91 with A92). Note that o
than that on the control side (B, arrows indicate the dorsal midline
(arrowheads in E). Repression of EphrinA2 is visible in the sites cor
Anterior is to the right in A and C–E and to the top in B. Scale bar
FIG. 2. Expression of Grg4 in developing CNS. Whole-mount in situ
ybridization at stage 8 (A, B), stage 9 (C, D), stage 10 (E), and stage 16
F). Grg4 mRNA is first detectable in the anterior neural fold at stage
(A, dorsal view; B, lateral view) and then is found in the prosen-
ephalon, the mesencephalon, and the metencephalon at stage 9 (C,
orsal view; D, lateral view). By stage 10, Grg4 mRNA is confined
rom the posterior diencephalon to the mesencephalon (E, dorsal
iew). At stage 16, Grg4 expression is localized in the dorsoanterior
elencephalon and in the ventral mesencephalon (F, lateral view).
nterior is to the right. Scale bar is 200 mm for A, C, E, and F.and C91.
Copyright © 2000 by Academic Press. All rightcephalon and in the metencephalon (Figs. 3A and 3A9).
Higher magnification on the flat-mount specimen shows
that En-2 is repressed in the Grg4-overexpressing cells (Figs.
3A1 and 3A91). On the other hand, En-2 repression by Grg4
was weak near the mes–metencephalic boundary (Figs. 3A9,
3A2, and 3A92). Moreover, on the Grg4-overexpressing side,
the mesencephalic vesicle was smaller than on the control
side (Fig. 3B).
Antagonizing Activity of Grg4 against Tectum-
Inducing Molecules
Since Grg4 overexpression repressed En-2 and caused
decrease in the size of the tectal swelling, effects of Grg4
overexpression on the other mesencephalon-related mol-
ecules were examined. It has been shown that Fgf8, Pax2/5,
and En are in a positive feedback loop for their expression
nd take part in the organizing activity for the mesence-
halic development (Crossley et al., 1996; Funahashi et al.,
1999; Shamim et al., 1999; Okafuji et al., 1999; Araki and
Nakamura, 1999). After Grg4 overexpression, transcription
f Pax5 and Fgf8 was repressed in the mesencephalon and
metencephalon (Figs. 3C and 3D). Destaining of Grg4 signal
in 100% ethanol after double-color in situ hybridization
revealed that both Pax5 and Fgf8 were repressed in the
Grg4-overexpressing cells (Figs. 3C9 and 3D9).
En, Pax2/5, and Fgf8 could induce EphrinA2 and confer
the posterior characteristics to the tectum. We next exam-
ined the effect of Grg4 overexpression on EphrinA2 expres-
sion. EphrinA2 was repressed in the middle part of the
mesencephalon corresponding to the site where En-2 was
repressed in the embryos fixed 48–60 h after electropora-
tion (Figs. 3E and 3E9). The effect on EphrinA2 expression
became indistinct by E8 (data not shown), which may be
due to the transient expression of transfected Grg4 by our
system.
Moreover, to examine the effects of Grg4 overexpression
on mesencephalic regionalization, we looked at the expres-
sions of Pax6 and Otx2, which are known to demarcate the
posterior end of the diencephalon and the mesencephalon,
respectively (Li et al., 1994; Schwarz et al., 1999; Araki and
Nakamura, 1999; Hidalgo-Sanchez et al., 1999; Irving and
Mason, 1999; Millet et al., 1999; Broccoli et al., 1999;
rinA2 expression. After detection of Grg4 transcripts by in situ
nd transcripts of Pax5 (C), Fgf8, (D) or EphrinA2 (E) were detected
r double staining for Grg4 and EphrinA2 (E), En-2 protein (brown)
rg4 and EphrinA2 signals was removed (E9). Expression of En-2,
e arrows in A, C, and D with those in A9, C9, and D9). Higher
the middle part of the mesencephalon is stronger than that at the
e Grg4-overexpression side, the mesencephalic swelling is smaller
ural tube). Grg4 overexpression resulted in repression of EphrinA2
nding to the repression of En-2 (compare arrowheads in E with E9).
0 mm for A and E, 100 mm for B–D, and 20 mm for A1-2, A91-2, C1,Eph
–B) a
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or G
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172 Sugiyama, Funahashi, and NakamuraFIG. 4. Effects of Grg4 overexpression on Pax6 expression (A–C) and Otx2 expression (D). In A9 and D9, the color of Grg4 is removed. On
the Grg4-transfected side, expression of Pax6 extends posteriorly beyond the normal di–mesencephalic boundary (arrows) and is induced
in the mesencephalon (A–C). Panel C is the horizontal section at the level indicated in panel A. Pax6 expression is not affected in the
diencephalon (C1), but is induced in the mesencephalon (C2). Grg4 overexpression does not affect Otx2 expression (D, D9). Anterior is to
the right in A and D and to the top in B and C. Scale bar is 200 mm for A; 100 mm for B, C, and D; and 20 mm for C1 and C2.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
173Repressing Activity of Grg4 in Tectal DevelopmentFIG. 5. Morphological effects of Grg4 overexpression. (A) Dorsal view of an E5 embryo and (B) horizontal section of it. (C, D) Horizontal
section around the di–mesencephalic boundary at E6 (C) and at E7 (D). (E, F) Higher magnification of D on the control side (E) and on the
experimental side (F). (G) Dorsal view of the tectum and posterior diencephalon at E8. (H, J, K) The transverse section indicated in G. (I) The
normal transition site of the posterior commissure to the tectal commissure showed schematically. The tectal swelling became smaller by
Grg4 overexpression (A, B), and the region of the di–mesencephalic boundary (indicated by arrows) seemed to extend posteriorly (C). At E7,
in the anterior part of the tectum, five layers (i, ii, iii, iV, V) are discernible in addition to the neuroepithelial layer (NE) (D–F). On the
experimental side, the diencephalic structure containing thick mantle (MN) and marginal (MG) layers extends posteriorly, and the anterior
limit of the tectal structure shifts posteriorly (D and F, arrows). At E8, the transition from the posterior commissure (pc) to the tectal
commissure (tc) occurred at the more posterior level on the experimental side (G, J, K). Anterior is to the top in A–D and G, to the right
in E, and to the left in F. Dorsal is to the top in H–K. cont, control side; exp, experimental side; di, diencephalon; pi, pineal body; tec, tectum.
Scale bar is 500 mm for G, 200 mm for A–D and H–K, and 100 mm for E and F.
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174 Sugiyama, Funahashi, and NakamuraKatahira et al., 2000). On the control side, Pax6 is expressed
ostral to the di–mesencephalic boundary, but is not ex-
ressed in the mesencephalon (Fig. 4B). On the transfected
ide, Pax6 expression extended more posteriorly in 11 out of
0 embryos (Figs. 4A and 4B). In some cases (3 out of 20
mbryos), Pax6 was upregulated in the middle part of the
esencephalon by Grg4 overexpression (Figs. 4B, 4C, and
C2). Since En, Pax2/5, or Fgf8 inhibits Pax6 expression,
pregulation of Pax6 may be due to the absence of these
olecules by Grg4 overexpression. On the other hand, Grg4
verexpression did not affect transcription of Otx2 (Figs. 4D
nd 4D9).
Morphological Effect of Grg4 Overexpression
Since Grg4 repressed expression of the mesencephalon-
related molecules and induced Pax6 expression, we looked
at the morphological effects of Grg4 overexpression. As
mentioned before, the tectal swelling became smaller by
Grg4 overexpression at 24 h after electroporation. The
effect was well recognized until E5 (Figs. 5A and 5B), but
later the size difference became indistinct.
Histologically, in normal E6 embryos, posterior dien-
cephalon comprises the thick mantle layer and the mar-
ginal layer in addition to the neuroepithelium (Fig. 5C). On
the Grg4-overexpression side, the diencephalon-like struc-
ture seemed to extend more posteriorly than on the control
side (Fig. 5C). At E7, the tectum is distinguished from the
diencephalon by the distinct layers of the tectum (Figs.
5D–5F). Higher magnifications show that five tectal layers
are recognized in addition to the thick neuroepithelium in
the anterior part of tectum. On the other hand, the posterior
diencephalon is composed of the thick mantle and marginal
layers in addition to the thin neuroepithelium (Figs. 5E and
5F). On the Grg4-overexpression side, the structure includ-
ing the thick mantle and marginal layers extends more
posteriorly, and tectal layers occurred in the more posterior
region (Figs. 5D–5F).
Since these results indicate a posterior shift of the di–
mesencephalic boundary, we next looked at the transitional
zone between the diencephalon and the mesencephalon,
which is identified by the diencephalic posterior commis-
sure and the mesencephalic tectal commissure (Figs. 5G–
5K). The posterior commissure is characterized as axonal
bundles that connect pretectal nuclei of both sides and
locates rostral to the tectal commissure. At E8, the transi-
tion from the posterior commissure to the tectal commis-
sure is observed in transverse sections (Fig. 5I). Transverse
sections of an experimental embryo show that the anterior
limit of the posterior commissure is located in the same
position on both the control and the experimental sides
(Fig. 5H). On the other hand, on the experimental side, the
posterior end of the posterior commissure or the anterior
end of the tectal commissure was observed at a more
posterior level than on the control side (Figs. 5J and 5K).
Copyright © 2000 by Academic Press. All rightGrg4 Antagonizes against Tectum-Inducing
Activity of Pax5
Transfection of Grg4 repressed tectum-inducing mol-
ecules and caused a posterior shift of the di–mesencephalic
boundary, which suggests that Grg4 can antagonize these
molecules to make a sharp di–mesencephalic boundary.
The antagonism was examined by cotransfection of Grg4
and Pax5, since our previous work showed that Pax5 turned
on the positive feedback loop among Pax2/5, En, and Fgf8 in
the diencephalon, and changed the fate of the presumptive
diencephalon to the tectum (Funahashi et al., 1999). Co-
transfected cDNAs of Grg4 and Pax5 are expressed in the
same cells (Figs. 6A and 6B). Since the same promoter and
enhancer in pMiwSV regulates the transcription of Grg4 or
Pax5, dosage of the respective transcriptions may depend on
the concentration of transfected plasmid.
By 48 h after coelectroporation of pMiw–Pax5 with con-
trol vector (pMiwSV), tectum-like expansion in the pre-
sumptive diencephalon becomes clear (91%), and En-2
expression is widely induced in all the transfected embryos
(Figs. 6E and 6G). In order to assay antagonistic activity of
Grg4, we checked morphology and En-2 expression after
coelectroporation of pMiw–Pax5 with pMiw–Grg4. When
both Pax5 and Grg4 were transfected at an equal concen-
tration (1 mg/ml), the effect of Pax5 was diminished. En-2
induction was observed in 11 out of 19 embryos (58%) and
tectum-like expansion with En-2 induction was visible only
in 5 out of 19 embryos (26%). The other 8 embryos persisted
apparently unaffected by Pax5 or by Grg4 (42%, Figs. 6F and
6H). After cotransfection with a twofold concentration of
Grg4 to Pax5 (2 mg/ml to 1 mg/ml), En-2 induction was
observed only in 2 out of 12 embryos (17%). In these 2
embryos, morphological change was not discerned. In the
other 10 embryos, neither tectum-like expansion nor En-2
induction was observed (83%). The experiment of cotrans-
fection revealed that Grg4 antagonized Pax5 activity in a
dose-dependent manner (Fig. 6I).
Since overexpression by our system is transient, tran-
scripts of the introduced gene almost disappear at 48 h after
electroporation. One might argue that failure of En-2 induc-
tion was due to few transcripts of transfected Pax5. To
eliminate this possibility, expression of Grg4, Pax5, and
En-2 was checked in the embryos 24–30 h after cotransfec-
tion at equal concentrations of Pax5 and Grg4 (Figs. 6A–
6D). At 24 h after electroporation, both introduced genes are
expressed in the same manner. Under the equilibrated
condition, En-2 expression is neither induced nor repressed.
N-terminal Domains of Grg4 Acts Dominant
Negative to Endogenous Grg4
It is indicated that Groucho has two repression domains:
an N-terminal domain with strong repressor activity and a
C-terminal WD40 domain with weak repressor activity
(Fisher et al., 1996). On the other hand, Xenopus Grg5,
which is a naturally truncated form and lacks the
C-terminal WD40 domain, did not repress but enhanced
s of reproduction in any form reserved.
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175Repressing Activity of Grg4 in Tectal Developmenttranscription of target genes by binding to Tcf proteins
(Roose et al., 1998).
We wondered if the N-terminal region of Grg4 had
repressing activity on mesencephalic inducers so we trans-
fected with the N-terminal region of Grg4, Grg4-59, in the
diencephalon and the mesencephalon. Grg4-59 contains Q
nd GP domains, but is deleted of CcN, SP, and WD40
omains (Fig. 7A). After transfection with Grg4-59, whole-
ount immunohistochemistry with anti-En-2 antibody
as carried out. In the transfected embryos, En-2 was not
epressed but was induced in the diencephalon and the
esencephalon (Figs. 7B and 7B9). Since induction of En-2
ccurred only in the Grg4-59-expressing cells (Fig. 7B), it
ecame clear after removing Grg4-59 staining (Fig. 7B9).
hese results indicate that the N-terminal domains of Grg4
re not sufficient for repression of En-2 expression, but that
hey work as the dominant negative to Grg4.
Recent in vitro assays showed that the N-terminal frag-
ent of Grg4 stayed in the cytoplasm whereas the full-
ength Grg4 was translocated into the nucleus (Roose et al.,
998). Now it is of great interest whether Grg4-59 protein
hich interfered with the Grg4-repressing activity is lo-
ated in the cytoplasm or in the nucleus. Localization of
ransfected Grg4 and Grg4-59 was examined with anti-HA
ntibody in neuroepithelial cells and surface ectodermal
ells (Figs. 7C–7F). In the neuroepithelial cells, both full-
ength Grg4 and Grg4-59 were localized in the nuclei (Figs.
D and 7F). In the surface ectodermal cells, full-length Grg4
as translocated into the nuclei, whereas Grg4-59 stayed in
he cytoplasm (Figs. 7C and 7E). In surface ectodermal cells
rg4 is not expressed endogenously. This suggests that
rg4-59 is transported into the nucleus by interactive mol-
cules in the anterior neuroepithelium, which does not
ccur in the surface epithelium. En-2 induction by Grg4-59
ay be due to the interference of interaction between
ndogenous Grg4 and corepressors.
One of the candidate corepressors of Grg4 is the Tcf
rotein family. Tcf proteins were shown to bind with the
-terminus of Xenopus Grg4 to inhibit the Wnt signaling
athway (Roose et al., 1998). To examine this possibility,
e first cloned the cDNA fragments of chick Tcf1 and Tcf3
nd addressed their expression in the early neuroepithe-
ium. Both Tcf1 and Tcf3 were expressed in prosencephalon,
mesencephalon and metencephalon in E2 embryos (Figs. 7G
and 7H). Since Tcf proteins transmit the Wnt signal by
interacting with b-catenin (reviewed by Eastman and
Grosschedl, 1999), we next examined whether the stabi-
lized form of mouse b-catenin antagonizes the repression
ctivity of Grg4. When the stabilized form of b-catenin was
otransfected with twofold concentration to Grg4, repres-
ion of En-2 expression was weakened in the mesencepha-
on (Figs. 7I and 7J9). Importantly, very weak expression of
n-2 was induced by cotransfected b-catenin (Figs. 7I and
7I9). Similarly, transfection with the stabilized form of
b-catenin alone resulted in weak induction of En-2 (data not
shown).
Copyright © 2000 by Academic Press. All rightRepression of En-2 Independent of Notch Signal
It has been indicated that Groucho proteins are involved
in the Notch signaling pathway (Paroush et al., 1994; Fisher
nd Caudy, 1998a; Takke et al., 1999). Indeed, the overex-
pression of chick Grg4 (red) enhanced Notch1 expression
(blue, Figs. 8A–8B9). To study whether Notch signaling
caused repression of En-2, in ovo electroporation with
constitutive active Notch1 was carried out. Overexpression
of the constitutive active Notch1 (blue) did not affect Grg4
expression (data not shown), nor did it repress En-2 (brown,
Figs. 8C–8D2). This result indicates that Notch signaling
does not regulate the repressing activity of Grg4 on En-2.
DISCUSSION
We have cloned chick Grg4 and examined its expression
pattern. Grg4 expression commenced at stage 8 in the
orsal neural tube rostral to the first somite. Then, it was
onfined from the posterior diencephalon to the mesen-
ephalon by stage 10. Overexpression of Grg4 resulted in
epression of En-2, Pax5, Fgf8, and EphrinA2 and a posterior
hift of the di–mesencephalic boundary. The N-terminal
omain of Grg4 worked as the dominant negative to Grg4.
possible role for Grg4 in mesencephalic development is
iscussed below.
Molecular Mechanism for Grg4 Activity
It has been well accepted that Groucho functions as an
active transcriptional repressor with various DNA-binding
partners (Fisher and Caudy, 1998b; Parkhurst, 1998). In
good accordance with this, repression of En-2, Pax5, Fgf8,
and EphrinA2 by Grg4 was observed in this study.
We have shown that the N-terminal domain (Grg4-59)
works as the dominant negative to Grg4 and induces
ectopic En-2 expression. Grg4-59 was translocated to the
nucleus in the neuroepithelium, but not in the surface
ectoderm. Since Grg4-59 does not include putative nuclear
localization signal (Stifani et al., 1992), it is plausible that
the molecule that contains nuclear translocation signal
interacts with Grg4-59. The molecule that interacts with
Grg4-59 may not exist in the surface ectoderm since Grg4-59
stayed in the cytoplasm there. Transfection with Grg4-59
would result in deprivation of partner molecule(s) from
endogenous Grg4. Full-length Grg4 contains the nuclear
translocation signal so it was translocated to the nucleus
both in the neuroepithelium and in the surface ectoderm.
Taken together, it is indicated that the N-terminal region of
Grg4 is required for interaction with corepressors and the
C-terminal region is needed for repression of En-2 expres-
sion.
A recent study showed that Tcf1 and Tcf3 interact with
the N-terminal region of Xenopus Grg4 and inhibit the Wnt
signaling pathway (Roose et al., 1998). On the contrary, it
has been shown that Tcf proteins transmit the Wnt signal
by binding with b-catenin (reviewed by Eastman and Gros-
s of reproduction in any form reserved.
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176 Sugiyama, Funahashi, and Nakamuraschedl, 1999). We have shown that Tcf1 and Tcf3 are
xpressed in the prosencephalon, mesencephalon, and me-
encephalon and that cotransfection of the stabilized form
f b-catenin with Grg4 antagonized Grg4 activity. These
ata suggest that the partner of Grg4 is Tcf1 or Tcf3 and
hat Grg4 could modulate Wnt signaling by competitively
inding to Tcf with b-catenin. Further studies are needed to
lucidate the regulatory mechanism of these molecules in
rain neuroepithelium.
Moreover, the C-terminal region of Groucho interacts
ith WRPW, WRPY, and EH1 domains (Jimenez et al.,
997). In certain systems, Groucho proteins function down-
tream of the Notch signaling pathway, where Groucho
nteracts with Hairy-related proteins, including WRPW,
nd represses neural differentiation (Hartley et al., 1988;
reiss et al., 1988; Paroush et al., 1994; Fisher and Caudy,
998a; Takke et al., 1999). Indeed it was reported that Grg4
nhanced Notch1 expression in the chick neural tube.
owever, transfection of constitutive active Notch1 did not
how repression of En-2. Thus, it is indicated that the
epression of En-2 by Grg4 is independent of Notch signal-
FIG. 6. Antagonistic activity of Grg4 against Pax5. An embryo fi
1 mg/ml (A–D, the same embryo). After detection of Grg4 transcrip
in situ hybridization and immunohistochemistry, and then the col
transcripts and En-2 proteins are detected by in situ hybridization a
ector pMiwSV at a concentration of 1 mg/ml (E, dorsal view; G, la
mg/ml) with Pax5 (1 mg/ml; F, dorsal view; H, lateral view). Transfe
with B), and expression of En-2 (brown) is unchanged in the dien
nd En-2 induction occur in the diencephalic region after cotransfe
, arrows in G, the arrows in G and G9 show the same points). The g
y cotransfection of Grg4 dose dependently. In most embryos (83%)
the tectum-like expansion and En-2 induction by Pax5 are not vis
and H and to the top in E and F. Scale bar is 200 mm for A–H.ng.
Copyright © 2000 by Academic Press. All rightThe Function of Grg4 in Tectal Regionalization
and Polarity Formation
The present study has shown that Grg4 overexpression
represses expression of En-2, Pax5, and Fgf8 and induces
Pax6 in the mesencephalon. Gross morphologically, tectal
swelling became smaller than the control by Grg4 overex-
pression. In addition, histological examination revealed
that the diencephalic structure on the experimental side
extended more posteriorly than on the control side. At E8,
the transition of the posterior commissure to the tectal
commissure marks the boundary between the diencephalon
and the mesencephalon. On the experimental side, such a
transition occurred more posteriorly than on the control
side. This may imply that the anterior part of the presump-
tive mesencephalon changed its fate to diencephalon. To
support this idea, it has been reported that dimesencephalic
boundary is determined through repressive interaction be-
tween Pax6 and En/Pax2/5 (Schwarz et al., 1999; Okafuji et
al., 1999; Araki and Nakamura, 1999). Around the presump-
tive dimesencephalic boundary, the tissue where Pax6 is
t 24 h after cotransfection of Grg4 and Pax5 at a concentration of
), Pax5 transcripts (B) and En-2 protein (C) are stained in order by
Grg4 and Pax5 is removed (D). At 48 h after electroporation, Pax5
munohistochemistry (E–H). Transfection of Pax5 with the control
view; G9, in situ hybridization for Pax5). Transfection of Grg4 (2
of Grg4 (red) and Pax5 (blue) occurred at the same sites (compare
alon and mesencephalon (C, D). At E4, the tectum-like expansion
of the control vector (pMiwSV) with pMiw–Pax5 (arrowheads in
in I shows that such effects by Pax5 overexpression are diminished
cotransfection of pMiw–Grg4 (2 mg/ml) with pMiw–Pax5 (1 mg/ml),
arrowheads in F, arrows in H). Anterior is to the right in A–D, G,xed a
ts (A
or of
nd im
teral
ction
ceph
ction
raph
after
ible (predominant differentiates into the diencephalon (Schwarz
s of reproduction in any form reserved.
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177Repressing Activity of Grg4 in Tectal DevelopmentFIG. 7. The N-terminal region of Grg4 works dominant negatively by interacting with corepressors. (A) Domains of Groucho and chick
Grg4. (B, B9) Induction of En-2 expression after transfection of Grg4-59. (C–F) Localization of Grg4 and Grg4-59 proteins detected by anti-HA
antibody. (G) Expression of chick Tcf1 at stage 10 by in situ hybridization. (H) Expression of chick Tcf3 at stage 10 by in situ hybridization.
I–J9) Cotransfection of stabilized forms of b-catenin (2 mg/ml) and Grg4 (1 mg/ml). Expression of Grg4-59 (blue) and induction of En-2 (brown)
verlap on the double-stained specimen (B). Destaining of Grg4-59 revealed that En-2 is induced at the Grg4-59-expressing sites in the
iencephalon and the mesencephalon (compare B with B9). Grg4 proteins are localized in the nucleus in the surface ectoderm (C) and in the
euroepithelium (D). On the other hand, Grg4-59 proteins are localized in the cytoplasm in the surface ectoderm (E) and in the nucleus in
he neuroepithelium (F). Chick Tcf1 (G) and Tcf3 (H) are expressed in the anterior neural tube and the mesenchymal tissue. After
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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178 Sugiyama, Funahashi, and Nakamuraet al., 1999), and vice versa (Okafuji et al., 1999; Araki and
Nakamura, 1999). Thus, it is suggested that Grg4 overex-
ression makes Pax6 predominant in the anterior part of the
resumptive mesencephalon repressing En/Pax2/5 and
hanges its fate to diencephalon.
Antagonistic activity of Grg4 against tectum-organizing
ctivity was assessed by cotransfection of Grg4 and Pax5.
Transfection of Pax5 alone induced expression of molecules
that are normally expressed in the mes–metencephalic
boundary and caused the fate change of the presumptive
diencephalon to mesencephalon. Grg4 canceled the induc-
ing activity of Pax5 in a dose-dependent manner. This result
may well reflect the molecular interaction in tectal devel-
opment. The model of Grg4 function is shown in Fig. 9. The
double-staining of Grg4 mRNA (blue) and En-2 protein (brown), the
expression of En-2 is induced by cotransfected b-catenin (black arr
eakened by cotransfection of the stabilized form of b-catenin (co
G, and H; 100 mm for I and I9; 20 mm for J and J9; and 5 mm for C–
FIG. 8. The repressing activity of Grg4 is independent of Notch
(C–D) Expression of En-2 after transfection of constitutive active N
hybridization (A), specimen was flat-mounted (B) and destained fo
show that the sites of strong Notch1 expression correspond to the G
Notch1 transcripts (blue) and En-2 protein (brown) by in situ hybr
at the level indicated in C (D). Expression of En-2 is unaffected by
FIG. 9. The model of Grg4 function in tectal regionalization.
Organizing activity (light gray area) is generated from the mes–
metencephalic boundary. The repressing activity of Grg4 (diagonal
shaded area) may act to define the site of the di–mesencephalic
boundary. Overexpression of Grg4 (1Grg4) may increase the level
of repressing activity, resulting in the posterior shift of the di–
mesencephalic boundary and the repression of the posterior char-
acter in the tectum. On the other hand, transfected Grg4-59
(1Grg4-59) may decrease the level of repressing activity, resulting
in the induction of En-2 expression in the diencephalon and the
mesencephalon.; 100 mm for D; and 20 mm for B, D1, and D2.
Copyright © 2000 by Academic Press. All rightes–metencephalic boundary is the source of tectal orga-
izer so that the gradient of the organizing activity is
stablished on the anteroposterior axis. Moreover, from the
orsal midline in the posterior diencephalon and mesen-
ephalon, Wnt-1 may also work to maintain En expression
Danielian and McMahon, 1996; Sugiyama et al., 1998). At
he early phase of mesencephalic development, Grg4 is
xpressed from prosencephalon to metencephalon. Grg4
ay lower the level of the organizing activity and may
ontribute to defining the anterior boundary of the mesen-
ephalon. Organizing activity may be reflected in the gra-
ient of downstream genes such as En expression. Since the
ominant negative form of Grg4, Grg4-59, could induce
ctopic En-2 expression in the diencephalon and the ante-
ior mesencephalon, these regions have the potential to
xpress En-2 in the absence of repressor. This is consistent
ith the fact that diencephalon can be easily transformed to
he tectum. In normal development, Grg4 might antagonize
his pathway of differentiation.
Later, Grg4 is expressed in the diencephalon and mesen-
ephalon and it may contribute to making the sharp gradi-
nt of organizing activity. En may be expressed according to
he gradient of organizing activity. It has been shown that
n protein induces EphrinA2 and plays a role to establish
he anteroposterior polarity of the tectum (Itasaki and
akamura, 1996; Logan et al., 1996; Shigetani et al., 1997).
Since Grg4 functioned as an antagonist to organizing activ-
ity and regulated expression of En-2, it is suggested that the
antagonism of Grg4 is involved in positional specification
in the tectum as well as in mesencephalic regionalization.
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